Introduction
Nanostructured metal particles play a significant role in catalytic and electro-catalytic reactions. Over the past decades tremendous progress has been made in the synthesis of palladium (Pd) nanoparticles, due to their unique physical and chemical properties and applications as efficient nanocatalysts, for example in the electro-oxidation of formic acid [1] , reduction of 4-phenyl azo benzoic acid [2] , oxidation of methanol [3] and Suzuki cross-coupling reaction of aryl halides with aryl boronic derivatives [4] . In order to further maximize the catalytic and electro-catalytic activities, Pd has been coupled with carbon materials and showed enhanced performance due to their strong synergistic performance [1, 5, 6] . For example, Morgan and coworks demonstrated a Pd-decorated carbon nanotube catalyst with enhanced activity for formic acid electro-oxidation [7] . Tamai et al. exploited a mesoporous activated carbons supported Pd catalyst with enhanced catalytic activities for the hydrogenation of methyl linoleate [8] . Compared with other carbon materials, graphene, a twodimensional sheet of sp 2 -hybridized carbon, has attracted lots attention since it was isolated in 2004 [9] . The large surface area, outstanding mechanical properties, excellent conductivity and thermal stability make graphene an ideal supporting material for developing metal based catalysts. Taking into account the excellent individual properties of graphene and Pd, the combination of graphene with Pd nanoparticles is expected to give enhanced catalytic and electrocatalytic performance. Several studies have been undertaken to synthesize graphene/Pd composites. For instance, Qu and co-workers developed a graphene/Pd hybrid material using DNA as a mediator [10] . The as-prepared graphene/Pd hybrid showed superior catalytic activity for fuel cell formic acid electrooxidation and for organic Suzuki reaction. However, most of the graphene used for the incorporation of Pd is in its reduced form from graphene oxide (GO) prepared by the oxidation of graphite. The reduced graphene oxide (RGO) is prone to irreversible spontaneous agglomeration, which limits the anchor sites for Pd nanoparticles growth. To overcome this problem, polydopamine (PDA) has been studied for reducing and functionalizing GO to a solution processable RGO [11] . Thus, attempts to combine the Pd nanoparticles with PDA functionalized RGO is expected to provide a suitable material for catalytic and electrocatalytic purposes. Herein, we report a facile wet chemical method to synthesize a high quality PDA-RGO/Pd nanocomposite. GO sheets are firstly functionalized with PDA via a surface self-polymerization process in weak basic condition. In the meantime, GO was reduced by PDA. Pd nanoparticles are then deposited onto the PDA-RGO sheets by chemical reduction of palladium salts using NaBH 4. The PDA-RGO/Pd nanocomposites obtained are characterized by FTIR, UV-Vis spectroscopy, SEM and XRD. The catalytic activity of the PDA-RGO/Pd nanocomposite is assessed by its performance on the catalytic degradation of methylene blue (MB) while the electrocatalytic behaviour is evaluated by the electro-oxidation of paracetamol.
Results and Discussion

Synthesis of PDA-RGO/Pd nanocomposites
The overall synthetic route of the PDA-RGO/Pd nanocomposite is shown in Figure 1 . Firstly, the surfaces of GO sheets are coated with a thin layer of PDA via the surface selfpolymerization of DA in pH 8.5 Tris-buffer. During this procedure, GO is reduced to RGO by PDA [12] . However, the RGO sheets are still well dispersed in water due to the PDA coating. The RGO sheets bear negative surface charge due to the hydroxyl groups of PDA. When PDA modified RGO was added into a PdCl 2 solution, Pd ions are reduced by NaBH 4 and attach to the RGO sheets. UV-Vis spectroscopy was first used to characterize the reduction of GO. Figure 2 shows the UV-Vis spectra of the dispersions of GO and PDA-RGO. The GO spectrum displays a characteristic absorption peak at 228 nm which is attributed to the π→π* transition of aromatic C═C bonds. After coating with PDA, the peak of PDA-RGO red shifts to 266 nm, confirming that the GO is reduced to RGO during the polymerization process. Figure 3 shows the FTIR spectra of GO, PDA and PDA-RGO/Pd. The spectrum of GO displays peaks at 3401, 1732, 1398 and 1047 cm ̶ 1 which are assigned to the stretching vibration of O━H, C═O stretching of carboxyl groups, and C━O vibrations from alkoxy groups, respectively [13] . After surface functionalization with PDA, the intensity of these peaks dramatically decreases, confirming the reduction of oxygen containing groups and GO has been reduced by PDA [14] . An additional peak observed at 1360 cm -1 matched to the spectrum of PDA and can be assigned to C-N-C stretching mode of indole rings, suggesting the chemical insertion of PDA on RGO sheets. Moreover, another weak peak located at 817 cm -1 is attributed to the Pd━ O vibrations [15] , indicating that the Pd nanoparticles have been decorated on the PDA-RGO sheets. XRD was used to identify the crystal structure of GO and the PDA-RGO/Pd nanocomposite. As shown in Figure 4 , GO exhibits a strong diffraction (002) peak at 11.1°. This peak disappears in the PDA-RGO/Pd nanocomposite, indicating that GO has been reduced after the functionalization with PDA. A relatively weak and broad peak of RGO presenting at 28° is ascribed to the partial RGO sheets restacking into an ordered crystalline structure [13a] . The characteristic diffraction peaks appearing at 38.5°, 44.2°, 64.7° and 77.7° are assigned to the (111), (200), (222) and (311) crystal facets, indexing face centered cubic Pd (JCPDS 5-681). The average crystalline size of Pd is calculated as ca. 13 nm using the Scherrer's formula. The morphology of the prepared nanocomposite was examined by SEM. Figure 5 shows the typical SEM images of the synthesized PDA-RGO (a), PDA-RGO/Pd (b, c), RGO-Pd (d) and PDA-Pd (e), respectively. The image of PDA-RGO shows no stacked sheets suggesting that the PDA functionalized RGO exhibits an excellent dispersity. After the coating of Pd nanoparticles, the wrinkled PDA-RGO sheets were randomly decorated with Pd nanoclusters (Figure 5b ). At a higher magnification (Figure 5c ), it can be clearly observed that the Pd nanoclusters were anchored on both sides of PDA-RGO sheet and the surface coverage was estimated to be 32%. Figure 5d confirms that RGO-Pd nanocomposite synthesized without the PDA functionalization displays strong aggregation. The inset photo of Figure 5d (inset) shows the digital photos of RGO-Pd and PDA-RGO/Pd dispersions. Precipitate was observed in RGO-Pd dispersion (left) while the PDA-RGO/Pd (right) dispersion remains stable after more than one month. Figure 5e presents the morphology of PDA-Pd nanocomposite. Similar nanoclusters were observed, suggesting that the formation of Pd nanoparticles was not affected by the presence of RGO. In addition, EDX analysis was used to obtain elements information about PDA-RGO/Pd nanocomposites ( Figure 5f ). The spectrum confirms the only existence of C, O and Pd, indicating the successful formation of composites with a high purity. Catalytic property towards the chemical degradation of MB MB is a commercial colorant which can be slowly reduced/degraded by NaBH 4 [16] , and it has been reported that the addition of Pd based catalysts could accelerate the reduction process [17] . Herein, the catalytic property of the prepared PDA-RGO/Pd nanocomposite was evaluated in the degradation of MB in the presence of NaBH 4 . UV-Uis spectroscopy was used to monitor the changes in concentration of MB after the addition of PDA-RGO/Pd nanocomposite. As shown in Figure 6a , the absorbance of MB decreases quickly after the addition of PDA-RGO/Pd nanocomposite. The characteristic absorption peak of MB at 664 nm disappears after 6 minutes of reaction, which reveals the remarkable catalytic activity of PDA-RGO/Pd nanocomposite. The fast degradation of MB could also be visibly seen from the color fading of MB solution after 6 min reaction (Figure 6a , inset photos). For comparison, the degradation profiles of MB using the same amount of catalyst PDA-RGO or PDA-Pd are presented in Figure 6b and c. The results indicate that the PDA-RGO has little catalytic effect on the degradation of MB. There is a slight decrease in the MB absorbance, which is attributed mainly to adsorption effects. On the other hand, PDAPd proved to be catalytically active but was less efficient compared to the PDA-RGO/Pd nanocomposites. For the same MB solution, it takes 13 min to complete the degradation of MB. The reaction rate constants are calculated to be 0.603 and 0.240 min -1 for PDA-RGO/Pd and PDA-Pd catalysts, respectively. The rate constant for PDA-RGO/Pd is superior to those previously reported for three-dimensional Pt nanowires [16] (0.208 min -1 ) and tetrahedral palladium nanocrystal decorated graphene [17] (0.400 min -1 ). Moreover, the reusability of the PDA-RGO/Pd nanocomposite was also tested. As illustrated in Figure 6d , the PDA-RGO/Pd nanocomposite maintains over 95% of its initial conversion rate after three cycles and more than 85% in the fifth cycle, suggesting that the PDA-RGO/Pd nanocomposite has an excellent catalytic stability for the degradation of MB. The reasons for such fast degradation performance of PDA-RGO/Pd nanocomposite towards MB may be ascribed to the following aspects: (1) PDA-RGO/Pd nanocomposite has excellent adsorption capacity towards MB molecules. The Pd particles have a strong affinity to nitrogen and sulphur containing compounds such as MB, and RGO could attract MB via π-π stacking interaction [16, 18] . (2) The electron transfer from RGO to Pd nanoparticles increases the local electron concentration which accelerates the uptake of electrons by MB molecules [17] [18] . (3) The functionalization with PDA effectively prevents the natural restacking of RGO sheets, leading to higher interaction efficiency between Pd nanoparticles and MB molecules. In contrast, a pair of redox peaks is observed at both PDA-Pd and PDA-RGO/Pd modified electrodes corresponding to the electrochemical redox process of Pd nanoparticles. It is noteworthy that the redox potentials of PDA-RGO/Pd modified electrode are more positive than those of PDA-Pd modified electrode due to the binding of oxygenated species on the surface of the PDA-RGO/Pd. This weak oxophilicity could be beneficial for promoting chemical reactions by providing fresh active sites [19] . The electroactive surface area of PDA-RGO, PDA-Pd and PDA-RGO/Pd modified electrodes could be measured through the steady-state CVs of an electrochemical probe Fe(CN) 6 4− at these electrodes according to the RandlesSevcik equation: It can be clearly seen that both bare and PDA-RGO modified electrodes show one broad oxidation peak at 0.53 V with weak current response. PDA-RGO modified electrode has a relatively higher current response than the bare electrode due to the deposition of RGO. As a contrast, the CV of PDA-Pd modified electrode in paracetamol shows well-defined redox cathodic and anodic peak potentials at 0.351 and 0.423 V, respectively. The redox peak-peak separation is 0.179 V. In comparison with the bare and PDA-RGO modified electrodes, the oxidation potential of paracetamol at PDA-Pd modified electrode is reduced by 0.159 V and the peak current has a substantial increase, which indicates that PDA-Pd could enhance the electro-oxidation of paracetamol. Similar to PDA-Pd, the PDA-RGO/Pd modified electrode also exhibits electrocatalytic activity towards paracetamol with a more negative oxidation potential (0.411 V) and smaller peak-peak separation potential (0.041 V). The further reduction in over-potential and a smaller peak-peak separation indicates that electron transfers at PDA-RGO/Pd modified electrode is even more efficient, implying that there might be synergic effect between RGO and Pd nanoparticles facilitating the electro-catalysis of paracetamol. The electrochemical behavior of paracetamol is affected by the pH condition of the medium [20] . The influence of pH value on the electrochemical behavior of paracetamol at PDA-RGO/Pd modified electrode was further investigated. Figure 8 displays the CVs of 0.07 mM paracetamol at the PDA-RGO/Pd modified electrode in various pHs. It can be seen that paracetamol displays a pair of well-defined redox peaks at all pHs. The oxidation current increases from pH 5 to 7, and then decreases from 7 to 10. Consequently, pH 7 was chosen as the optimum value in this work (Figure 8b black line) , as it has the maximum current response and is also close to the real physiological conditions. On the other hand, the peak potentials gradually shift to the negative direction followed by increasing the pH. This indicates that protons are involved in the redox reaction of paracetamol [20] [21] (Figure 8b red line) . The linear regression equation between the anodic potential and pH can be expressed as Epa (V) = 0.77423 -0.0511 pH (R 2 = 0.9847).The slope (-0.0511) is close to the theoretical value of -0.058 V/pH. This result is well in accordance with those obtained at multi-walled carbon nanotube [22] , poly(3,4-ethylene-dioxythiophene) [23] , Pd/GO [20] , Au nanochains [24] , Cu(II)-conducting polymer complex [25] and Nafion/TiO 2 -graphene [26] modified electrodes. In order to gain a better understanding of the catalysis processes occur electrode surface, the effect of scan rate on the oxidation of paracetamol using PDA-RGO/Pd modified electrode was investigated. As shown in Figure 9 , both anodic and cathodic peak currents increase linearly along with increasing scan rate from 20 to 200 mV/s. The linear regression equation can be obtained for the relationship between oxidation peak current (Ipa) and scan rate as: Ipa (μA) = 0.841702v (mV/s) + 31.62 (R 2 = 0.9933) (Inset Figure 9) . The result suggests that the electrochemical oxidation of paracetamol is mainly controlled by adsorption processes. The quantitative analysis of paracetamol was performed using the differential pulse voltammetry (DPV) method due to its higher sensitivity and better peak separation ability than cyclic voltammetry. Figure 10 displays the DPV profiles of the PDA-RGO/Pd modified electrode at various concentrations of paracetamol. It can be observed that the oxidation peak current increases linearly with paracetamol concentration in the range of 0.28 to 100 μM. The derived linear regression equation can be expressed as Ipa (μA) = 0.408864 c (μM) + 4.37 (R 2 = 0.9954). The detection limit was calculated to be 0.087 μM based on a signal to noise ratio of 3. The selectivity of PDA-RGO/Pd modified electrode was evaluated by monitoring the amperometric response after consecutive injection of 0.07 mM paracetamol and some common interference species (glucose, dopamine, uric acid and ascorbic acid). As shown in Figure 11 , the PDA-RGO/Pd modified electrode represents negligible current responses upon the addition of interference species, suggesting that the PDA-RGO/Pd modified electrode exhibits a great selectivity for electrochemical measurement of paracetamol. The stability of the PDA-RGO/Pd has been investigated by the repeated measurement of 0.07 mM paracetamol. The proposed sensor could retain more than 94% of its original response after 15 measurements. 
Conclusions
In summary, a novel PDA-RGO/Pd nanocomposite was successfully synthesized via a simple green wet chemical method at room temperature. UV-Vis spectroscopy and FTIR results demonstrated that PDA induces simultaneous reduction of GO to RGO and functionalization. SEM images showed Pd nanoclusters randomly decorated onto both sides of the PDA-RGO sheets. The as-synthesized PDA-RGO/Pd nanocomposite exhibited an outstanding ability towards the catalytic degradation of MB in the presence of NaBH 4 with a superior reaction rate constant and good stability. Furthermore, the PDA-RGO/Pd nanocomposite was also successfully employed in the electrocatalytically oxidation of paracetamol, which provides a promising composite material for sensing application
Experimental Section
Materials NaBH4, uric acid (99%), L-ascorbic acid (99%), dopamine hydrochloride (DA), acetaminophen, PdCl2, glucose and methylene blue (MB) were purchased from Sigma-Aldrich. Graphene oxide (GO) powder was purchased from JCNANO, INC. All other chemicals used were analytical grade reagents without further purification. Phosphate buffer solutions (PBS) of different pH were prepared by mixing 0.2 M KH2PO4 and K2HPO4 solutions and the final pH was adjusted using 1 M NaOH or HCl. Milli-Q water (18.2 MΩ cm) was used throughout the experiments.
Synthesis of PDA-RGO/Pd nanocomposites
In a typical synthesis of PDA-RGO/Pd composites, GO was first modified with PDA. 10 mg GO was dispersed in 30 mL Tris-buffer (10 mM, pH 8.5) and sonicated for 1 h. After adding 10 mg DA, the mixture was stirred for 24 h. The resulting PDA-RGO product was collected and washed three times by water using centrifugation. Then, 1 mL PDA-RGO dispersion (1 mg/mL) was mixed with 3 mL water and 1 mL PdCl2 (5 mg/mL) and stirred for 2 h. 1 mL NaBH4 was added into the mixture and the solution was kept stirring for additional 5 h. The product was collected by centrifugation and washed three times to yield PDA-RGO/Pd composites. As controlled samples, PDA-Pd was synthesized via the same procedure except without adding GO; RGO-Pd sample was prepared by adding PdCl2 directly to a GO dispersion and reduced the metal ions by NaBH4.
The mixture was then transferred to a 20 mL Teflon-lined stainless steel autoclave and heated at 140°C for 4 h. After cooling down to the room temperature, the RGO-Pd sample was collected by centrifugation and washed three times by water.
Characterizations
The optical characterizations were carried out by a UV-vis spectrophotometer in the wavelength range from 190 to 800 nm.
Attenuated total reflectance Fourier transform infrared spectra (ATR-FTIR) spectra were recorded on a Nicolet iS5 (USA) spectrometer. Solid samples were placed on the diamond reflectance area for direct transmittance data collection. The surface morphology of samples was analyzed by a field emission scanning electron microscope (FeSEM, ZEISS SUPRA 40VP, Germany). The powder X-ray diffraction (XRD) patterns of samples were collected from 5° to 90° in 2θ by an X-ray diffractometer with Cu Kα radiation (D8-Advanced, Bruker, Germany).
Catalytic degradation of MB
To study the catalytic activity of the prepared catalysts, the reduction of MB with NaBH4 was chosen as a model reaction. Typically, 2 mL of 25 mg/L MB solution and 0.1 mL of 0.5 M NaBH4 were mixed in a quartz cuvette. After 5 μL of the catalyst dispersion (1 mg/mL) was injected into the mixture solution, the reduction progress of MB was monitored by recording its absorption spectra at given time intervals. For reusability tests, the used catalysts were separated from the reaction solution by centrifugation followed by ethanol and water washing, before adding to the new reaction solution.
Electrocatalytic activity towards the oxidation of paracetamol A glassy carbon electrode (GCE, 3 mm in diameter) was polished with alumina-water slurry followed by thoroughly rinsing with ethanol and water. For the electrode surface modification, 5 μL of catalyst dispersion (1 mg/mL) was dropped onto the GCE and dried at room temperature. Electrochemical measurements were performed on a CHI430a electrochemical workstation (USA), using a three electrode system. A platinum wire was used as the auxiliary electrode, an Ag/AgCl (3M KCl) as the reference electrode, and the catalyst deposited GCE as working electrode. All electrochemical measurements were conducted at room temperature.
